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In the work presented in this thesis, two biomaterials were investigated as thin 
films for the biomineralization of zinc oxide and gold NPs:  a zinc oxide selectively 
binding peptide “ZnO1” and silk fibroin protein from the Bombyx Mori silkworm.  Zinc 
oxide nanorods and gold nanoparticles both have interesting properties that can be used 
for a multitude of applications at the nanoscale.  Biomineralization methods investigated 
here aims to synthesize these materials at ambient or near ambient conditions.   
First, silk films were used to attempt reduction of gold nanoparticles.  Silk has 
outstanding mechanical properties, including a unique combination of strength and 
toughness.  We successfully synthesized gold nanoparticles at room temperature using a 
silk film.  The silk film was able to reduce when on the surface or embedded between 
polyelectrolyte bilayers.   
Second, biomineralization of zinc oxide nanorods was attempted using films of 
silk, silk + peptide, silk + peptide + silk, and polymer + peptide.  Here we used films to 
explore the effect of peptide film presence and the effect of changing wet chemical 
deposition parameters.  Lastly, we attempted to optimize surface and growth parameters 
such as time, temperature, and solution concentration to achieve vertical zinc oxide 
nanorods on an entirely organic surface. 
For surface growth, silk and polystyrene proved successful underlying layers for 
the formation of a ZnO1 film due to hydrophobic interactions between the peptide and 
 xiii
the organic film.  By minimizing the roughness of the peptide layer, zinc oxide nanorod 
arrays were grown vertically via wet chemical deposition from an entirely organic 
template of polystyrene + peptide.  Control of size and density of the rods across the 
surface was achieved by using a ZnO1 peptide surface and changing the time, 
temperature, and precursor solution concentrations.  In addition, by embedding the 
peptide layer between two silk layers, we could successfully grow encapsulated rods in 







Control of materials at the nanoscale level is vital to the creation of new, novel 
nano-composites and nano-devices.  Although there has been much progress with the 
synthesis of nanostructures, severe limitations exist with current technologies.  The harsh 
temperatures used for a majority of inorganic synthesis severely limit the compatible 
surfaces and composites.  For example, the synthesis of vertical zinc oxide nanorod 
arrays for use in sensors and electronics cannot be done easily on organic or 
biocompatible substrates.  The harsh conditions of CVD are not compatible with low 
melting temperature materials [1].  Wet chemical deposition can be done at low 
temperatures but can not to date produce usable morphologies such as vertical nanorods 
on surfaces without using an underlying inorganic layer (i.e., zinc oxide or gold) [2]. 
Biomineralization is defined as the study of the formation, structure and 
properties of inorganic solids deposited in biological systems [3].  Biomineralization 
methods can create incredibly precise and intricate structures, commonly under ambient 
conditions [4].  Harnessing proteins’ ability to create inorganic structures under mild 
conditions could open up new morphology, substrate, and application possibilities not 




Biosynthesis with Proteins 
Nature can control the formation of inorganic materials by specific proteins.  
Specific proteins in numerous organisms form intricate nanostructures under mild 
conditions.  This ability has attracted the attention of nanotechnology scientists who aim 
to use proteins towards a similar goal:  to control the formation of intricate inorganic 
nanostructures at near ambient conditions for incorporation into endless applications.  For 
example, the ability to form nanoscale features with molecular level control would enable 
the “bottom up” approach in manufacturing chips.  Several inorganics have been 
synthesized or patterned with biomaterials, for example tobacco mosaic virus liquid 
crystals to form silica nanoparticles [5], tyrosine to form gold core – silver shell 
nanoparticles [6], ferritin to bind titania and create a 3D patterned multilayered structures 
[7], and silk which will be described in more detail later.  
In addition to these naturally occurring proteins with biomineralization 
capabilities, peptides with an affinity for inorganic matter can be designed.  Using a 
combinatorial library approach called phage display for selection, peptides sequences can 
be identified for a specific metal or oxide.  Phage display uses a library of peptides with 
random sequences and exposes them to the inorganic material [8].  After sequential 
washes to remove weak or non-bound sequences, the remaining sequences are multiplied 
using bacteria.  This process of washing and amplifying is repeated to achieve a single 
peptide with the highest affinity to the target material. 
Several inorganic materials have had peptides identified using methods including 
phage display.   A list of twelve materials with amino acid sequences listed for each 
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peptide identified was recently summarized in a review by Sarikaya et al. [4].   These 
peptides can then be used to create micro- or nano-structures of that inorganic material, 
control particle distribution and size.  For example, silver nanoparticles were recently 
synthesized and patterned using a selective peptide in Figure 1 [9].  Other materials 
synthesized to date include rutile (TiO2) [10] and CaCO3 [11]. 
 
 
Figure 1.  Patterning of silver nanoparticles biosynthesized using a silver-binding peptide [9] 
   
In addition, these peptides can be combined to synthesize bimetallic 
nanostructures.  In a recent paper by Slocik et al, gold nanoparticles were formed with a 
multifunctional peptide and then smaller palladium nanoparticles were formed around 
each peptide-coated gold nanoparticle in solution [12].  In addition, the peptide could also 
be used for its affinity to a palladium surface, resulting in a Pd surface dabbled with gold. 
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Figure 2.  Bimetallic gold/palladium nanostructures created using a hybrid selectively binding 
peptide [12] 
 
Using peptides specific for inorganic binding and nucleation that can be 
combinded, endless possibilities begin to emerge.  For example, the assembly of hybrid 
materials at the molecular level could make bottom-up self assembly techniques for 
electronic applications.possible. 
Silk 
Properties, Structure, and Microstructure 
Silk is a versatile biomaterial with outstanding mechanical properties.  Silkworm 
silk, known as the silk protein fibroin, has been used for sutures in biomedical 
applications for many years [13].  The fiber spun by the silkworm Bombyx Mori is 
actually two filaments simultaneously and continuously extruded through a spinneret 
from a pair of silk glands within the worm.  These are cemented together during the 
spinning process.  Relatively large amounts of silk are harvestable from silkworms 
compared to spider silk, giving it a practical advantage for applications. 
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Silk is known and used for its tensile strength, elasticity, toughness, and 
biocompatibility.  As a complex biological material, the structure of silk seen in Table 1 
highly affects mechanical and physical properties.  Property variations related to structure 
differences are based on factors ranging from the basic chemical makeup of repeating 
motifs to the materials’ level of crystallinity.  The general amino acid sequences in beta 
sheets are thought to be responsible for the impressive mechanical properties of B. mori 
silkworm silk.  The table also summarizes the general molecular structure and amino acid 
sequences present in the protein and mechanical property values. 
Properties of silk listed in Table 1 are not to be taken as absolutes but instead as 
general experimental values.  Differences between species, spinning conditions (i.e., 
spider body temperature) [14], and spinning speeds [15] can create values which vary 




Table 1.  Structure and property differences in spider and silkworm proteins/silk fibers [19-22] 
 
 
Major structural details in the fibroin protein contribute to properties.  Gly-X (G-
X) repeats cover 94% of the sequence.  Residue X in the Gly-X is, with rounding, Ala 
(A) 64% of the time, Ser (S) 22% and Tyr (Y) 10% [23] .  The hexapeptides GAGAGS 
and GAGAGY of silk fibroin make up roughly 70% of the general Poly-Gly-Ala blocks 
that make up crystalline regions.  These two repeating motifs promote a secondary 
Character Bombyx mori fibroin Spidroin  
Repeating motifs GAGAGS GPGGX 
 GAGAGY GPGQQ 
  (A)n 
  (GA)n 
  GGX 
Crystalline regions Poly-Gly-Ala blocks Poly-Ala blocks 
β-sheet crystals content % 40-50% 35% (Araenus MA) 
# of silk types One Up to eight 
   
Mechanical properties Mulberry silk (B. mori) Spider silk (MA) 
Modulus (GPa) 15-17 11-13 
Strength σmax (GPa) 0.6 0.9-1.0 
Toughness (MJ m-3) 70 160 
Extension (%) 18 27 
Behavior in water Little change in silk shape/length 
Supercontraction of 
dragline 
Mass production B. mori (domesticated) grown for 
millennia 
Only small quantities 
achieved 
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structure of anti-parallel β-pleated sheets, formed by the folding of the protein’s 
crystalline region [20].   
Silk possesses a unique combination of strength and toughness, unlike many other 
structural polymers.  It is generally understood that the highly stable secondary structure 
contributes to the impressive mechanical properties.  The strength of silk is attributed in 
part to β-sheets in the crystalline regions and also, the hydrophobic interactions between 
those regions [24].  Glycine’s presence in silkworm crystalline blocks (absent in spider 
silk) allows conformational variability.  Silkworm silk is stiff but brittle compared to 
spider silk, due to the higher level of crystallinity [19]. 
Beyond the molecular scale, there are several thoughts on the detailed 
composition and degree of crystallinity in silk on a micro-scale [25-27].  Silks have 
alternating hydrophobic (crystalline) and less hydrophobic (non-crystalline) blocks [28].    
Models have been suggested to explain the makeup of silk β structures and how they 
might assemble to form sheets in silk [29].  In the earliest models, nanocrystallites are 
shown surrounded with amorphous regions to form β structures (Figure 3A) [30].  Two 
types of crystalline regions were found after further H NMR studies, which contradict the 
previous model.  These two crystalline regions can be described as highly oriented and 
tightly packed and the other as poorly oriented and less dense as in Figure 3B, red and 
green arrows respectively [31].  Recently, a third model using 2D solid state NMR results 
proposed helical structures in the glycine-rich amorphous region (Figure 3C) [32].  The β 
sheets are alanine (red lines) with glycine predominantly as 31-helical parts (blue curls). 
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Figure 3.  Different structural models proposed for spider dragline silk [25, 30-32] 
 
Silkworm silk fibroin can be dissolved and regenerated from ionic liquids and 
water [33].  From there, new materials can be regenerated with the ability to control level 
of crystallinity and mechanical properties [34].  In aqueous solution, hydrogels and films 
have formed which, much like raw fibers, have good mechanical properties [35].  
Extremely robust ultrathin films can be formed with spin assisted Layer-by-Layer (LbL) 
techniques, achieving thicknesses <100nm.  Mechanical properties of these LbL ultrathin 
films were tested in compression and tension modes and found to be outstanding with an 
elastic modulus of 6.5 GPa and an ultimate strength approaching 100 MPa [35].  
Electrospinning has been done using reconstituted silks from biologically spun fibers [36] 
as well as silk in aqueous solution with PEO addition [37]. 
In regenerated silk, three states can exist:  random coil (low concentrations of 
fibroin), Silk I (α), and Silk II (β).  Silk I is a meta-stable form not well defined; it is 
described in literature as both lacking second order structure and having well formed 
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crystals [38, 39].  Most information, on the other hand, points to semi-ordered Silk I 
states being transitional before forming Silk II.   
Various chemical and physical methods can induce a transition.  Exposure to 
methanol, physical shear, stretching, annealing with water, and heat does not just induce 
random conformation transformation; these can aid in the control of crystallinity, 
hydrophobicity, mechanical properties, and degradation of the newly formed materials 
[34, 35].  Polar solvents such as water and methanol however tend to reduce the modulus 
and strength of the fiber [40]. 
Biomineralization Applications to Date 
The majority of applications exploit silk’s biocompatibility for biomedical 
purposes.  In addition to being reliable under many temperatures and humidity levels, silk 
exhibits good mechanical strength when wet, resists enzymatic cleavage, and has high 
oxygen and drug permeability [41].  Silk sutures patented in 1969 are one of the oldest 
uses of silk [13].  As a wound dressing, silk can retain water and keep an area moist.  It is 
also transparent so the wound is visible as it heals [42].  Silk has been shown to increase 
cell adhesion and growth when used to coat scaffolds for human fibroblasts [43], coat 
films for rat cells, and as electrospun fibers [44].  Modifications with 1,2 
cyclohexanedione increases fibroblast cell adhesion [45] as does RGD (Arginine-
Glycine-Aspartic acid) modified fibroin matrices with human bone marrow stromal cells 
[46].  Other uses include possible substitution for collagen in cultivating mammalian cells 
and a net for human cells where a tissue like structure will form around a silk net [47].  
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Studies have shown that external pH can regulate permeability of a silk membrane which 
then lends itself to drug delivery applications [48]. 
Biomineralization applications include the use of silk as a template for the growth 
of inorganic structures.  Silk can serve as a substrate for inorganic growth or a matrix 
whose chemical structure promotes the formation of metal nanoparticles within.  Work 
thus far on creating inorganics with the use of silk has been done with fibers [49-54].  
Biomimic composites for bone using silk-apatite have been well researched [50].  The 
tyrosine groups in natural silk are thought to aid in the reduction of metal nanoparticles 
such as silver, palladium, and gold [6].  Silver chloride nanocrystals were formed on a 
silk fiber by the sequential dipping in silver nitrate and sodium chloride with a water 
rinse step between each dip, shown below in Figure 4 [49].   
 
 





Palladium has been biomineralized by simply soaking a silk fiber in Pd(OAc)2 
and then in a MeOH reducing agent.  It was shown that the dipping of silk fiber in 
PDADMAC and silver nanoparticles capped with PMA formed a film with antimicrobial 
properties [53].  Monodisperse gold nanoparticles were reduced in situ by the silk fibroin 
protein to form a core-shell gold colloid-silk fibroin bioconjugate at room temperature  
shown below in Figure 5 [55].  Although not on silk fibroin, it is worth noting gold has 
also been reduced to form a shell around spider silk fibers seen below in Figure 6.   
The ability to reduce gold nanoparticles is important as gold nanoparticle 
composites are becoming widely used in several fields.  Organic-gold nanoparticle 
composites have been used for a range of biomedical and sensing applications, a few of 
which include anti-bacterial coatings, surface enhanced Raman scattering (SERS), 
extremely sensitive thin film sensors [56] and for use in plastic “memory” devices [57].  













Inorganic/bio composite work involving silk also includes the growth of cadmium 
sulfide which was crystallized using silk as a membrane [58] and the growth of nano-
TiO2 [59] which was grown based on the sol-gel technique.  Silk was mixed with 
titanium n-butoxide, and then cast to form titania nanoparticles.   
Issues that are detrimental to applications exist but are generally not severe, such 
as degradation of silk.  Degradation can be viewed as advantageous in some cases.  Clean 
silk fibers are largely inert as evidence shows but the presence of sericin (removed during 
cleaning) can trigger an immune response if not completely separated [60].  The intrinsic 
variability of silk in harvested threads can be addressed with advanced processing to 
achieve more precise and predictable properties [19].   
With the versatility of silk, the biocompatibility, and the more recent advances in 
template and composite interactions, silk could become an important nanocomposite 
material.   
Zinc Oxide 
General Properties and Applications 
Zinc oxide is an interesting material because of both its intrinsic properties and 
the crystal structures synthesizable to date.  ZnO is a direct band gap semiconductor (3.37 
eV) with large excitation binding energy (60meV), has near UV emission and transparent 
conductivity, exhibits piezoelectric property resulting from its non-centrosymmetric 
structure, is bio-safe and bio-compatible [61].  Potential applications such as MEMS, 
sensors, transducers, solar cells, UV lasers, nanogenerators, and biomedical applications 
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without coatings are possible because of these fundamental characteristic properties of 
ZnO.   
Zinc oxide is synthesized by means of chemical vapor deposition (CVD), 
electrodeposition, and wet chemical deposition.  Restrictions on device and processing 
conditions are unnecessarily imposed as CVD is done at relatively extreme conditions 
[62].  Many groups have investigated and reported structures such as nanowires, 
nanorods, nanotubes, nanobelts, nanocombs, nanosprings, nanorings, nanobows, and 
nanopropellers grown from solution [61].  Wet chemical deposition is often preferred 
because it is highly reproducible, does not require expensive setup, useful functional 
groups can be incorporated during nanostructure growth making them easily dispersible 
in common solvents, and standard purification techniques are available such as filtration 
and centrifugation [63-65].  In addition, wet chemical deposition is compatible with the 
mild, low or room temperature processing necessary for crystal formation on organic 
materials. 
Wet Chemical Synthesis in Solution and on Surfaces 
Wet chemical deposition (WCD) of zinc oxide is advantageous because of the low 
temperatures used, as low as 60˚C; extremely small widths of nanorods possible, less 
than 10nm; and the high aspect ratios achieved, greater than 200.  The mild conditions of 
WCD are compatible with soft materials including polymers and biological materials. 
The hydrolysis and condensation reactions of zinc salts under many different 
conditions result in one dimensional ZnO crystals [66].  At pH < 9, an additive such as 
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HMT or dimethylamineborane (DMBA) is used to promote one-dimensional (nanorod) 
precipitation.  Lowering pH can slow down the reaction and results in well defined faces 
on structures and higher quality films [67].    
A solution of zinc nitrate ZnO(NO3)2 and hexamethyltetramine HMT (CH2)6N4 is 
used often to form ZnO structures due to its simplicity.  The two are both soluble in water 
and when mixed together, form zinc oxide crystals at a low temperature.  For a one-to-
one mole ratio, typically 0.1 M, one-dimensional structures with a few hundred 
nanometer diameter and 1-3 µm lengths can be obtained [68].  The nanorods’ diameter is 
typically proportional to the Zn(NO3)2 and HMT concentration.  Although lower 
concentrations down to 0.0001M reduce the diameter and increase aspect ratios of 
nanorods, bundling can occur and the distribution of lengths are more broad [64, 68, 69].  
Figure 7 shows result by Ho et al [68] of various sizes of nanorods grown under different 
precursor and time conditions.  In another study, zinc nitrate salt was found to be the 
limiting reagent for one-dimensional growth.  It was shown that a greater molar 
concentration of zinc nitrate to HMT yields higher aspect ratio nanorods, at the expense 
of increased width.  The opposite is observed when a greater molar concentration of 




Figure 7.  SEM of ZnO nanostructures grew at different zinc nitrate and HMT concentrations at 
85˚C.  (a) 0.001M for 8hr (b, c) 0.001M for 24hr (d) 0.0001M for 8 hr (e) 0.0001M for 24 hr and (f) 
0.1M for 8hr [68] 
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Zinc nitrate and HMT are commonly used to create zinc oxide nanostructures, 
although the exact role of HMT in reaction is still under debate.  The dominant chemical 
reactions summarized recently by Weintraub et al. are shown below in Table 2 [71]. 
 
Table 2.   Dominant reactions in the formation of ZnO from Zn(NO3)2 and HMT C6H12N4 [71] 
 
 
It has been suggested that hydroxide ions are formed by the decomposition of 
HMT and the hydrothermal reduction of Zn2+ precursor to form ZnO [72].  Prior to 
heating, the solution mixture should be aged to allow the formation of the Zn-amine 
complex.  Heating decomposes the Zn-amine complex, releasing Zn2+ ions which under 
hydrothermal conditions, subsequently form Zn(OH)2 and ZnO nanoparticles as in 
equation (6) and (7) of Table 2.  Given substantial time, 3-5 nm ZnO crystallites in the 
form of white precipitates can be seen before heating, which later act as nucleation sites 
for one-dimensional growth.  A minimum temperature of 60°C and up to 200°C has been 
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reported for the hydrothermal reaction, such that shorter reaction time is needed at higher 
temperature to form one-dimensional structures [73, 74].  
On various crystalline and amorphous substrates, wet chemical deposition of zinc 
oxide is done with low temperatures under mild conditions.  Growth independent of the 
substrate is only achieved however with the use of an inorganic layer, typically zinc 
oxide seeds which brings with it unique processing problems.  To improve adhesion of 
the seed particles to the substrate, samples typically need to be annealed at temperatures 
of 150˚C or higher; verticality of rods grown from random directional seeds is another 
problem though annealing at a temperature of 350˚C can improve vertical alignment of 
rods [75-77].  These high temperatures however spoil the advantage of wet chemical 
deposition over other methods such as CVD.  Biomineralization using a selectively 
binding peptide for zinc oxide instead of inorganic seeds becomes an attractive solution 
for the controlled synthesis of zinc oxide at low temperatures. 
The enhanced verticality from the use of a crystalline substrate or seed layer can 
be seen in Figure 8, the nanorods have been grown on both a silicon substrate and a ZnO 
nanostructured thin film.  The dense growth near the surface is random in direction and as 
neighbor nanorods in close proximity grow at the same rate, they eventually restrict each 
other’s horizontal growth.  The result is fairly well aligned but not completely 
perpendicular nanorods.  This is only achieve with a completely dense forest of rods; 
vertical rods not in contact with each other can not be synthesized in this way. 
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Figure 8.  SEM of ZnO nanorod arrays by Vayssierres on a) a silicon wafer and b) a ZnO 
nanostructured thin film [64] 
 
On polymer surfaces, there are few examples of successful formation and 
patterning of zinc oxide nanorods.  A recent study by Morin et al. [78] synthesized 
randomly oriented microarrays on polycarbonate surfaces and flexible PET filaments 
(Figure 9).  Creating regions with different surface energies by selectively functionalizing 




Figure 9.  ZnO patterned microarray (left) and ZnO on a PET filaments (right) [78] 
  
Other patterning and improved verticality has been achieved by incorporating an 
inorganic layer under the polymer.  Weintraub et al. patterned ZnO by using e-beam 
lithography and a PMMA mask to determine positions of growth on a polyimide surface.  
To enhance nucleation, an intermediate gold layer with an applied potential was used 
[71].  There are no studies to date demonstrating controlled growth of vertical zinc oxide 
nanorods on completely organic templates. 
   
 
Figure 10.  ZnO nanorod arrays formed on a polyimide surface with an underlying gold layer using 





Although novel ZnO structures have been synthesized using biomineralization 
approaches, morphologies are typically impractical and have not been investigated 
towards the use in an application.  Other groups have investigated zinc oxide selectively 
binding peptides towards the control of crystal morphology.  In a study by Umetsu et al 
[79], a zinc oxide flower-type morphology was achieved with a peptide as seen below in 
Figure 11.  The peptide was modified from the original 12 amino acid sequence with 
GGGSC, a glycine linker and a cysteine at the C-terminus which immobilized the peptide 
on the surface and proved to be critical for the synthesis of ZnO from Zn(OH)2 [79].  
There are no studies to date using a selectively binding peptide or other biomineralization 




Figure 11.  Flower-like morphology grown from ZnO particles in the presence of a selectively 





OBJECTIVES AND APPROACH 
 
The research presented in this thesis is conducted to synthesize organic/inorganic 
nanocomposites using biomaterial films and ambient conditions of wet chemical 
synthesis.  Ambient or low temperature conditions are necessary for soft material and 
biomatieral compatibility.  Biomineralization using a zinc oxide selectively binding 
peptide and silk fibroin can potentially control the formation of nanostructures under 
conditions not achievable with other synthesis methods for novel applications.     
Ultimate Goals: 
 Investigate and control the formation of gold nanoparticles dispersed 
on/within a thin silk film 
 Achieve an array of vertical zinc oxide nanorods grown from a completely 
organic system 
More specifically, this will involve the following steps: 
• Create gold nanoparticles using a silk film.  This will be done by soaking 
in HAuCl4 a film assembly of an underlying sacrificial layer upon which 
twenty polyelectrolyte bilayers and a silk film will be cast.  Different 
preparation and soaking conditions will be changed to investigate the 
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effect on size, shape, and density of nanoparticles.  The sample will be 
released from the substrate and placed on a nylon grid for TEM analysis.   
• Investigate if/how ZnO1 peptide controls the growth of zinc oxide 
nanorods on various organic surfaces.  This will be done by spin casting 
polymer and silk films onto a silicon wafer, drop casting a peptide film, 
then exposing the sample to a zinc nitrate and HMT bath for oxide growth.  
• Change oxide growth parameters to see the effect on the growth of zinc 
oxide rods.  This will be done by changing the growth time, temperature, 
and zinc nitrate/HMT concentration. 
• Create a smooth layer of peptide and conditions favorable for the growth 
of vertical nanorods.  This will be done by changing the method of how 
the peptide film is deposited and possibly using a rinse step.   
• Optimize conditions for a uniform array of vertical nanorods with control 
over dimensions and density on an organic surface.  This will be done by 
changing zinc nitrate and HMT concentrations. 
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Materials Selection and Experimental Setup 
A selectively binding peptide for zinc oxide, “ZnO1” and silk fibers were 
provided in collaboration with the Biotechnology group in the Materials and 
Manufacturing Directorate at Wright-Patterson Air Force Base in Dayton, Ohio.  The 
peptide was identified using phage display technique and custom ordered from New 
England Peptide Co.  Silk cocoons were harvested and cleaned at Wright-Patterson.  
They were received as fibers and further processed at Georgia Tech.    
Polymers used as substrates for zinc oxide growth included poly allylamine 
hydrochloride (PAH) Mw=70,000, poly(sodium styrene sulfonate) (PSS) Mw=70,000, 
poly(acrylic acid) (PAA) Mw unknown and polystyrene (PS) Mw=250,000 seen in Figure 
12.   
 
Figure 12.  Polymer chemical structures from left to right:  PAH, PSS, PAA, PS 
 
Silk and polymer films were created on atomically flat polished silicon wafers of 
the [100] orientation (Semiconductor Processing, Co.). 
The zinc oxide crystals were grown in a solution made with Zn(NO3)26H2O (zinc 
nitrate hexahydrate) and C6H12N4 (HMT) precursors as this system has been studied 
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extensively and is known to promote the growth of ZnO one-dimensional structures.  The 
chemicals were obtained from VWR and used as received. 
Sample Preparation 
Silk Solution 
Silk cocoons were obtained from B. mori silkworms raised on a diet of Silkworm 
Chow (Mulberry Farms, Fallbrook, CA).  Upon completion of the cocoons, the live 
pupae were extracted in order to avoid potential contamination or degradation of the 
fibroin protein. 
Sericin proteins were removed from the fibers following the procedure outlined 
by Yamada et al [80].  Silk cocoons were soaked at 3.3% (w/v) in a solution of 8M Urea 
containing 40mM Tris-SO4 and 0.5 M β-mercaptoethanol.  The solution was heated to 
90˚C for 1 hr in a water bath.  The silk fibers were stirred regularly to ensure complete 
removal of sericin proteins.  The silk fibers were then removed and dried by 
centrifugation at 4000 RPM in a 50 ml tube.  The fibers were then washed extensively 
with ultrapure distilled water (18 MΩ·cm) and again dried by centrifugation.  The 
washing procedure was repeated five times to ensure complete removal trace urea and 
sericin from the fibers.  The fibers were then lyophilized for 48 to 72 hours for removal 
of any residual water. 
The dried silk fibers were processed further in the lab at Georgia Tech.  Dried silk 
fibers were subsequently dissolved in a 50 ml tube containing 9.3M lithium bromide 
solution.  The tube was placed in a hot water bath for one hour to achieve complete 
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dissolution.  The solution was centrifuged to remove impurities.  The solution was then 
dialyzed against distilled water using Slide-a-Lyzer dialysis cassettes (MWCO 3,500, 
Pierce) at room temperature for 2 days to remove the salt.  Ultrapure distilled water was 
used to dilute the aqueous solution to the desired working condition of 0.2%-0.5% for 
thin film fabrication. 
Silk and Polymer Films 
Silicon substrates were cut into pieces of 12 by 15 mm and 2.5 by 2.5 mm (Figure 
13).  The substrates were then cleaned by using CTAB surfactant and then by exposure to 
a “piranha” solution according to usual procedure described in detail in elsewhere [[81, 
82]].  Polymers were dissolved in DI water at the following concentrations:  PS 2%, PAH 
0.2%, PSS 0.2%, PAA 0.2%, silk 0.2%-0.6%.  Films were created by typical LbL spin 
casting as described elsewhere [83, 84] onto a smooth silicon wafer using a PM101DT-
R485 spinner (Headway Research, Inc., Garland, TX) at the speed of 4000 RPM.  The 
films were then rinsed with water and spun dry.  Silk was rinsed with a 1:1 solution of 
methanol/water. 
Growth of Zinc Oxide Rods Using Peptide 
The zinc oxide selectively binding peptide with sequence 
GLHVMHKVAPPRGGGC referred to hereafter as “ZnO1”, was received from New 
England Peptide Co. and used without modification.  The dry peptide powder was put 
into water and used at a concentration of 10mg/ml.  For initial investigation of peptide on 
surfaces, 10μl of ZnO1 solution was drop cast on a polymer film and allowed to dry 
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completely in ambient conditions.  Typically, the peptide layer thickness was ~4 nm 
depending on spin speed and humidity.  The polymer films for these experiments were 
cast on a 12 by 15 cm silicon wafer (Figure 13).   
Second, for investigation of vertical zinc oxide rods as there was a diminished 
supply of ZnO1, 5μl was dropped on a 2.5 by 2.5 mm polymer film so that the drop 
covered the entire surface (Figure 14).  Peptide was not dried immediately however; after 
various times from one minute to one hour to allow adsorption of the peptide to the 
surface via hydrophobic interactions, the sample was spun dry at 4000 rpm.  To prevent 
evaporation of the peptide, the sample was placed in a covered plastic dish and draped in 
wet paper towels.   
The large silicon wafers were placed in a 20ml glass vial immediately after 5ml 
each of HMT and zinc nitrate were added and mixed in the vial (Figure 15).  The small 
samples were placed in small 1.5ml plastic microcentrifuge vials filled with 0.5ml of 
each precursor.  Samples were allowed to rest at the bottom of the vial.  The small 
samples were later floated at the air-liquid interface in a large vial to avoid precipitates 
from solution falling on the surface. 
An overview of sample preparation and ZnO growth can be seen in Scheme 1. 
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Figure 14.  Small silicon wafer (arrow) mounted on a piece of glass for spin casting (top left), same 
small silicon wafer with peptide drop covering the entire surface (top right), and the same sample 
placed in the spin coater (bottom) 




Figure 15.  Sample placement in HMT/zinc nitrate for ZnO growth of large sample in 20ml glass vial 
(A), small sample in 1.5ml plastic vial , and small sample floating in 20ml glass vial before (C) and 






Scheme 1.  Sample film assembly and growth of zinc oxide rods [85] 
Peptide
Silk or Polymer 
Silicon substrate 
Oven 65-900C, X hrs 
 Growth on surface  
and in solution 
Remove and rinse to remove 






A B C D 
 30
After growth of nanorods, in some cases surface density was calculated.  Adobe 
Photoshop was used to create a 2D black and white image.  Noise was removed with the 
median function which averages neighboring pixels as seen below in Figure 16. 
 
 
Figure 16.  Process of analyzing a sample's surface coverage by setting a threshold and removing 
noise 
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Gold Nanoparticle Growth Using Silk 
To investigate nanoparticles formation within the silk film, freely suspended films 
were fabricated as described elsewhere [86] by depositing a silk layer on top of a twenty 
bilayers of (PAH+PSS) on top of a sacrificial cellulose acetate (CA) layer.  The 
sacrificial layer was spin cast on the silicon wafer from 2% acetone solution.  The silk 
film was spun on top of twenty bilayers and then placed in between ten bilayers as seen 
in Scheme 3.  Each layer was rinsed two times with water and spun dry. 
To form gold nanoparticles, the CA+(PAH+PSS)20+silk layered assembly on 
silicon wafers was immersed in a glass vial containing 15ml of HAuCl4 as seen in 
Scheme 2.  Various concentrations and soak times were used.  The samples were then 
removed and rinsed lightly with a flowing stream of Nanopure water.  Samples were 
dried under nitrogen.  To analyze with TEM, the films were placed on 200 mesh copper 
grids.   
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Morphology and surface roughness of the polymer, silk, and peptide films were 
investigated with a Dimension 3000 atomic force microscope (AFM) (Digital 
Instruments) in the tapping mode.  The AFM imaging in concurrent topography and 
phase modes was performed in the regime of the “light” tapping to avoid damaging the 
films [87].   
The thickness of the films was obtained with a Woolam M-2000 ellipsometer.  
Values were collected at incident angles of 65˚, 70˚, and 75˚.  Contact angle was taken 
using a KSV contact angle instrument. 
SEM images of zinc oxide were done on LEO 1550 and 1530 thermally assisted 
field emission scanning electron microscopes (SEM) at 5kV.  Nanoparticle formation in 
silk was analyzed with a JEOL 100CX transition electron microscope (TEM) operating at 




RESULTS AND DISCUSSION 
 
In this chapter, the ability for silk films to biomineralize gold nanoparticles will 
be investigated.  Secondly, a zinc oxide selectively binding peptide will be used as a film 
on silk and other polymer surfaces to control the formation of zinc oxide.  Finally, the 
synthesis of vertical zinc oxide rod arrays on completely organic templates will be 
discussed, including control over rod size and surface density. 
Gold Nanoparticle Synthesis Using Silk Films 
Silk can form a film by sequentially spin coating layers onto a substrate [35].  
Using a 0.2wt% solution of silk in water, layers were built up by spin coating a silk layer 
and rinsing with water between each layer at 3600rpm.  A linear relationship between 
layer number and thickness of the film is shown in Figure 17 below.  The “zero” layer 
thickness represents the underlying SiO2, the cellulose acetate sacrificial layer, and the 
polyelectrolyte bilayers upon which the silk film was cast.  Each layer in this experiment 
had a thickness of 3nm ±0.3 nm.  The thickness determined from applying a linear fit to 
the graphed data was 3nm (R2 = 0.9968).  The sacrificial layer of cellulose acetate 
deposited before the silk was 94.65nm.   
Results for multiple samples consistently exhibit a linear relationship between 
layer number and film thickness.  Exact thickness values were difficult to reproduce 
because of variations in each silk batch but a linear relationship was consistently 
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demonstrated.  Thickness was found to be extremely dependent on experimental 
conditions.  To achieve identically thick layers, the following conditions had to be 
constant:  batch and concentration of silk, rinse solution (water or water + methanol mix), 
spin coater spin speed, room temperature, and room humidity.  A silk film thickness of 


























Figure 17.  Silk layer number compared with total film thickness, resulting in a linear relationship.  
 
In many studies, silk fibers have been used to reduce gold from solution, many 
times with the aid of a reduction agent such as sodium borohydride.  Regenerated thin 
films had never been investigated for potential metal reduction capabilities.   
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In the first experiment, a substrate-supported film of silk was used and exposed to 
gold chloride to investigate any reduction.  Five polyelectrolyte bilayers of (PAH+PSS)5 
were built on a sacrificial layer of cellulose acetate (spun from a 2wt% p-dioxane 
solution) on a silicon substrate.  Five layers of silk were then spun on top of the bilayers, 
each rinsed with a 1:1 water/methanol mix.  Gold chloride at approximately 1M 
concentration was then dropped on top of the horizontal sample to completely cover the 
surface.  After two hours, the sample was then dried and rinsed with water.  No reducing 
agent (i.e., sodium borohydride) was used.  The (PAH+PSS)5 + silk5 film was released 
from the substrate with acetone and placed on a copper TEM grid for analysis.  The film 
turned out to be barely robust enough to be free standing and only one area was 
transferred and analyzed successfully.   
Surprisingly, fairly monodisperse nanoparticles 5-8nm in diameter were formed.  
Figure 18 shows two different TEM image magnifications.  The nanoparticles were 




Figure 18.  Gold nanoparticles formed after exposing (PAH+PSS)5+silk5 film on silicon substrate to 




To investigate further, a set of samples were completely submerged in vials of 
1.6mM gold chloride for 22hrs before being removed and rinsed gently with water.  
Samples included both substrate-supported films and freely suspended films, which were 
prepared by placing the film on a TEM prior to exposure.  Twenty bilayers of 
(PAH+PSS) were used under the silk films to ensure strength for TEM analysis.   
Using the lower concentration of 1.6mM and longer soak time of 22hrs, large 
particles of different shapes including triangles, pentagons, hexagons, and spherical like 
shapes were observed in addition to smaller nanoparticles 5-10 nm as seen in Figure 19.  
The smaller particles are similar to those in Figure 18.  The density of nanoparticles 
across the sample was fairly sparse and uneven.   
Interestingly, the density of growth was increased when the film was in a freely 
suspended state prior to gold chloride exposure as seen in Figure 20.  The nanoparticles 
were still various shapes but generally were smaller, 27-40nm, than those grown on the 























A sample with an embedded silk layer was built to investigate the possible 
formation of gold nanoparticles at a specific place within a thin film.  The LbL assembly 
included ten polyelectrolyte bilayers on either side of the silk film, 
(PAH+PSS)10+silk+(PAH+PSS)10.  Again, the samples were exposed to 1.6mM gold 
chloride for 22 hrs, removed and rinsed with water before drying under a flow of 
nitrogen.  Large shapes with various geometries were surrounded by numerous small 
nanoparticles <10nm in diameter as seen in Figure 21.  The result here is similar to the 
freely suspended (PAH+PSS)20+silk film in that fairly disperse, dense nanoparticles 
<10nms are seen on the sample along with larger shapes with both asymmetrical and 
symmetrical geometries, commonly three to six edged shapes.  Gold is a close packed 
cubic structure and can form spherical, triangular, square and hexagonal shapes easily; 
research has shown properties of these nanoparticles are extremely dependent on size and 
shape such as light scattering properties [88]. 
The results presented here indicate that gold nanoparticles can successfully be 
synthesized, at room temperature with some control over density and size using a thin 
silk film.  In addition, the silk film can be embedded between polyelectrolyte bilayers and 
still participate in biomineralization.  This method provides a one-step room temperature 
method for the formation of fairly monodisperse gold nanoparticles.  Further 
investigation is needed to understand the range of control over density and size.  The 
control over size is extremely important as gold nanoparticles have very diverse 
properties depending on the material’s size.   
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Figure 21.  Film of (PAH+PSS)10+silk+(PAH+PSS)10 freely suspended and exposed to 1.6mM HAuCl4 
for 22 hrs. 
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ZnO1 Peptide Structure and Properties 
This zinc oxide selectively binding peptide was identified using the phage display 
technique and supplied by scientists at Wright-Patterson Air Force Base. 
The ZnO1 peptide is a 12 amino acid peptide sequence with a –GGGC end.  The 
peptide sequence as received, using one letter amino acid abbreviations, is as follows: 
H2N-GLHVMHKVAPPRGGGC-OH 
In another popular form using three letter abbreviations, the peptide is described 
as follows: 
H2N - Gly Leu His Val Met His Lys Val Ala Pro Pro Arg Gly Gly Gly Cys – OH 
 
Amino acids all contain an NH2 group, known as the amino group, and a carboxyl 
group.  To create chains of amino acids, a condensation reaction occurs and peptide 
bonds link amino acid “residues.”  The protein’s mass is 1616 Da. 
Each amino acid can have a charge and thus, a protein can have an overall charge.  
The charge of an amino acid is dependent however upon pH.  An isoelectric point (pI) of 
a protein describes the point at which it has no net charge.  Below this point, proteins 
carry a positive charge and subsequently, above the pI they have a net negative charge.  
The isoelectric point of a peptide is important because it can help in predicting how it will 
behave in solution or on different substrates, at a certain pH.   
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Using the bisection method for determining protein’s isoelectric point and 
calculation using a program from Lukasz Kozlowski [89], the isoelectric point for ZnO1 
is determined to be 9.51.  Different methods for determining pK values for each amino 
acid can result in disagreements of pI values.  Using other methods with various pK 
values, the isoelectric point of ZnO1 is calculated as 9.5 ± 0.5 [90].  When used at neutral 
pH around 7, ZnO1 should behave with a positive net charge.  It is important to note 
however that a folded protein can exhibit different behavior than an isoelectric point will 
predict, as pI uses pK values of isolated residues.     
The chemical structure of ZnO1 and a molecular model cartoon are shown below 
in Figure 22, created with ChemDraw Pro and Figure 23,  constructed using Material 
Studio software.   
Hydrophobicity plot (Figure 24) using the Kyle-Doolittle scale was constructed 
using software available from R. A Bowen [91].  The 16 amino acids of ZnO1 are 
represented from left to right in the plot as displayed in Figure 22 and Figure 23.  Regions 
above the “0” line are hydrophobic in character.  The left side of the plot suggests a 






















































































Figure 24.  Hydrophobicity plot for ZnO1 showing hydrophobic regions of the sequence on the left 
 
 
Zinc Oxide Nanorod Growth Using Peptide on Organic Films 
Experiments were conducted to determine the ability of ZnO1 to tether to a 
polymer surface and the subsequent effect on the growth of zinc oxide micro- and 
nanorods.  Samples were prepared using a solution of ZnO1 peptide in water that was 
diluted to the desired concentration.  The polymer surfaces were prepared spin coating 
solution onto a thin silicon wafer in usual layer-by-layer technique.  The peptide was 




Growth on a Silk Film 
Silk surfaces were prepared by repetitively spin coating 0.2% aqueous solution 
onto a 12mm x 15mm clean silicon wafer at 3500rpm to build up a silk film.  After ZnO1 
(5mg/ml) deposition, the samples were placed in a zinc nitrate/HMT 1:1 solution.  
Several growth parameters were varied including oven temperature, time in oven, and 
zinc nitrate and HMT concentration.    
Initial experiments tested the growth of zinc oxide under various conditions on 
samples with peptide and on samples without.  The initial conditions kept the samples at 
room temperature (RT) for 24hrs and then in the oven at 65˚C.  The samples were films 
of nine silk layers with a thickness of ~6nm per layer, totaling on average ~55nm.  After 
deposition of ZnO1 and exposure to a zinc nitrate/HMT 1:1 solution (both 0.1M 
concentrations), the samples with newly formed zinc oxide on the surface were removed 
from solution and rinsed lightly with water.  This rinsing removes all non-adhered rods, 
which form in solution and can be collected while removing the sample from solution. 
SEM analysis in Figure 25 shows the difference in growth on a silk surface in the 
presence of peptide and without.  Growth was achieved in both conditions in the silk 
system.  In Figure 25, the density difference in the presence of peptide (Figure 25A) 
compared with the sample in which no peptide was present (Figure 25B) is significant 
and repeatable.  Coverage of zinc oxide structures on the silk film was uniform when 
peptide was present, in contrast to the sporadic growth and aggregation seen in the 
control sample.   
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Surface density coverage was calculated using five different areas on each 
sample, imaged and analyzed using Adobe Photoshop.  After setting a threshold clearly 
separating the nanorods (seen as white areas) with the background (black), the percentage 
of white pixels on the image was obtained and reported as the percentage of nanorod 
surface coverage.  Noise was removed using the surrounding pixel median function, set 
to one or two pixels.  The degree of vertical orientation of the rods was not accounted for 
when analyzing the projected coverage on a 2D surface image.  Two assumptions were 
made in this analysis.  First, that the vertical orientation was random and similar for all 
samples and thus was not accounted for.  Second, the pixel median function did not 
substantially affect the analysis.  As samples with more rods have consequently more 
edges, the effect of setting a threshold and averaging surrounding pixels to eliminate 
noise could potentially be more substantial and skew analysis of smaller rods or more 
dense surfaces. 
For the samples illustrated in Figure 25A and B, the coverage was 18.3±1.8% with 
301 rods and 7.2±3.6% with 87 rods respectively after averaging the coverage from 5 
images.  Rods were counted on images of 500x magnification.  Summarized in Figure 25.  
Zinc oxide rods formed on silk films A) in the presence and B) in the absence of ZnO1 
after exposure to Zn(NO3)2 + HMT 1:1 bath , both at 0.1M for 24hrs at room 






Table 3, after counting the number of nanorods present (1) and dividing the total 
area of the surface covered by nanorods (2) with the number of nanorods, the area per 
nanorod (3) was 0.06% for A (with ZnO1) and 0.08% for B (without ZnO1).  Lengths of 
rods ranged from 8.5-9 μm and widths 2.3-4 μm. 
 
 
Figure 25.  Zinc oxide rods formed on silk films A) in the presence and B) in the absence of ZnO1 
after exposure to Zn(NO3)2 + HMT 1:1 bath , both at 0.1M for 24hrs at room temperature followed 








Table 3.  Difference in rod size in the presence and absence of ZnO1 peptide.  Samples were held at 




It is worth noting that although much work has illustrated the effect on structure 
of ZnO grown in solution with the same zinc nitrate/HMT system used here [92], there is 
no observable, within statistical significance, difference in structure or c-axis length in 
the presence versus the absence of peptide.  It can be concluded that there are negligible 
amounts of peptide desorbing from the surface and/or present in solution during ZnO 
growth for these experiments. 
Controlling Size and Density of Zinc Oxide on Silk 
Various parameters such as time, temperature, and zinc nitrate/HMT 
concentrations were changed to determine the tunability of zinc oxide growth.  These 
effects will be described.   
First, the silk films were rinsed with either water or a water/methanol 1:1 mix 
before depositing peptide and ZnO growth.  No difference was observed.  For the rest of 
the experiments presented here, a 1:1 water/methanol rinse was used on the silk layers. 
Secondly, 1 and 9 layers of silk were put on silicon wafers and then peptide drop 
cast on each.  There was no difference in ZnO growth based on silk layers.  In further 
experiments with zinc oxide, 1 layer of silk was used to preserve material.   
0.1M  
RT 24hr, 65oC 24hr 
(1) 
Average # of rods 
(2) 
Surface covered 
(3) = (2) / (1) 
Surface per rod 
ZnO1 peptide 323±22 18.3% 0.06% 
No peptide 87±5 7.2% 0.08% 
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To analyze the effect of time in the oven, samples were prepared as in previous 
description.  The growth conditions were identical to those in Figure 25 except growth 
was stopped after a 65˚C oven time of 2 hours.  Substantially smaller nanorods were 
grown in the presence of peptide as seen in Figure 26.  Nanorods were not uniform and 
ranged from 50-200 nm in diameter and 190-500nm in length.  Without peptide, the silk 
surface had very few nanorods; the majority was in large aggregates.  However, this did 
indicate that the nucleation effect of peptide on a surface at the microscale was similar 
when reduced to the nanoscale. 
 
 
Figure 26.  ZnO grown after 24hrs at RT and then 2hrs at 65oC on silk plus ZnO1 (left) and on silk 
(right) in 0.1M of zinc nitrate/HMT 1:1 
 
Next, temperature was changed to 90˚C.  Samples were exposed to the zinc 
nitrate/HMT bath, at different molar concentrations for 24hrs at room temperature and 
then 90˚C for 4 hrs.   
Under these conditions, rods grew over the entire surface whether peptide was 
present or not, eliminating any discernable effects.  Figure 27 shows the full surface 
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growth of zinc oxide on a silk + peptide surface (A) and a silk control sample (B) after 





Figure 27.  ZnO after 24hrs RT and 90˚ 4hrs in 0.1M zinc nitrate / HMT 1:1 solution on silk (B) and  
on silk with peptide drop cast (A)  
 
It is evident in the literature and here that with the zinc nitrate/HMT system, 
temperature and time highly effect the zinc oxide nanorod growth.  The effect of peptide 
is only observable under certain conditions when a system facilitates growth, as in the 
silk system.  For investigation of peptide in a silk/ZnO system, the conditions have to be 




Using a temperature of 90˚C, different concentrations of zinc nitrate and HMT 
were used while keeping them at a 1:1 ratio.  Figure 27 shows 0.1M concentrations.  
After 4hrs, significantly less growth was achieved by reducing the concentration to 
0.01M and further to 0.001M.  Figure 28 shows the decrease in rods from dropping the 
concentration to 0.01M.  The results of peptide presence under these conditions are 
reminiscent of the 65˚C, 24hr growth in Figure 26 where spatial density was controlled 




Figure 28.  ZnO after 24hrs RT and 4hrs 90˚ in 0.01M zinc nitrate / HMT 1:1 solution A) on silk with 
drop cast peptide and B) on silk 
 
The percentage of surface covered in the two cases of Figure 28 was not 
statistically different as summarized in Table 4.  However, there was a visible difference; 
the number of nanorods was significantly larger in A.   
Table 5 shows the area per rod or size of the rod was smaller on average when 
using the peptide by a factor of 2.38, calculated by dividing the average surface area 
A B 
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covered in an image (2) by the number of nanorods in each image (1) and then comparing 
the calculated surface area per rod (3) values.  
 
Table 4.  Surface coverage density at different concentrations of Zn(NO3)2 and HMT.  Samples were 
held at RT for 24hrs and 90oC for 4hrs, Zn(NO3)2 and HMT were kept at a 1:1 ratio. 
RT 24hr, 90oC 4hr 0.1M 0.01M 0.001M 
ZnO1 peptide ~100% 6.9 ±1.5% <<1% 





Table 5.  Difference in rod size in the presence and absence of ZnO1 peptide.  Samples were held at 





To attempt reach nanoscale rod diameters at 90˚C, the HMT:zinc nitrate ratio was 
adjusted to 3:1 by using 0.1M and 0.033M solutions.  After one hour at 90oC, rods of 
similar morphology as above were grown.  The diameters were reduced to 100-200 nm. 
It was determined that peptide facilitates uniform growth on the surface of silk 
and, in the examples described, peptide was shown to increase both surface coverage and 
rods on the surface while reducing size.  The effect of peptide can be masked however, as 
was shown in the silk system by the film itself facilitating ZnO growth under certain 
0.01M  
RT 24hr, 90oC 4hr 
(1) 
Average # of rods 
(2) 
Surface covered 
(3) = (2) / (1) 
Surface per rod 
ZnO1  peptide 144±14 6.9% 0.05% 
No peptide 48±4 5.5% 0.11% 
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time, temperature, and solution concentration conditions.  The growth in systems such as 
silk without peptide is shown to be uncontrolled, i.e.,  aggregation as in Figure 26B and 
rod size increases as in Figure 28B.  As the peptide can dictate the nucleation of ZnO, the 
ability to control growth or pattern other polymer surfaces using ZnO1 could be possible.   
The presence of peptide in general increases the amount of ZnO grown and 
decreases the size of rods.  The density of rods on the surface an also be reduced by 
decreasing the molar concentration of HMT and zinc nitrate.  It was also shown that the 
diameter could be reduced to the nanometer scale by reducing the time in the oven and 
possibly by reducing the ratio of zinc nitrate to HMT although that effect is still unclear. 
Major difficulties during these experiments centered on the quantities available of 
both materials or lack thereof and the stability of aqueous silk.  To address the issue of 
availability and stability of silk for further investigation, commercial polymers were 
investigated as replacement templates for ZnO1 deposition and subsequent ZnO growth.  
These polymers were selected as they are typically cast as films, either alone in the case 
of polystyrene or as polyelectrolyte bilayers as is the case for PAH, PSS, and PAA.   
Typically, zinc oxide seed layers are used to control and increase the nucleation.  
It appears that ZnO1 facilitates the growth of zinc oxide on the surface in similar ways, as 
a nucleation site for rod formation.  Using ZnO1 could allow the ability to control growth 
on a silk or other polymer surface without the use of an inflexible inorganic layer. 
Growth of ZnO on Polymer Films 
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Polymers with a mixture of properties, including hydrophobicity and assorted 
polyelectrolytes were investigated to determine the role of peptide on different surfaces.  
Four common polymer surfaces were investigated, including PAH, PSS, PAA, and PS.   
Polyelectrolyte bilayers were made by creating three bilayers using charged 
polymers and alternating the terminating top layer.  Films with a PAH (+) surface were 
made by creating bilayers of (PSS+PAH)3.  Similarly, PSS (-) surfaces were assembled 
(PAH+PSS)3 and PAA (-) films were assembled (PAH+PAA)3.     
On the surfaces of both strong polyelectrolytes PAH and PSS, growth was sparse 
and not significantly changed when peptide was present.   
 
 
Figure 29.  ZnO growth on polyelectrolyte surface PSS (left) and PAH (right) 
 
PAA, a weak negatively charged polyelectrolyte, did exhibit a change in nanorod 
structure and density of rods across the surface.  Interestingly, nanorods on a PAA 
surface were not complete and generally had a void where most nanorods will have a 
small twin boundary as seen in Figure 30 (left).  Peptide did not have any effect on 
20μm5μm 
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growth, possibly because it was not deposited successfully on the PAA surface as seen in 
Figure 30 (right).  
 
 
Figure 30.  ZnO grown on PAA (left) and PAA with peptide (right) 
 
Polystyrene, a neutral hydrophobic polymer, is known to be favorable for the adsorption 
of biomolecules via their hydrophobic domains, which are available for hydrophobic 
interactions.  From the hydrophobicity plot in Figure 24, ZnO1 has a hydrophobic region 
on one end of the peptide.  Here, ZnO uniform nanorods readily formed on a peptide 
coated surface of polystyrene as seen in Figure 31.  The image on the right clearly shows 






Figure 31.  ZnO on polystyrene (top) and ZnO on polystyrene plus ZnO1 (bottom); the boundary 
where the peptide drop was cast and dried is clearly visible (bottom) 
   
Insitu Growth of Zinc Oxide Within Silk Films 
Preliminary results suggest that the ZnO1 peptide could dictate, to some extent, 
the nucleation of nanorods on a surface.  To investigate this further, nine silk layers were 




peptide to form a film of silk9+ZnO1+silk9 as seen in Scheme 4.  Nine layers of silk had a 
thickness of ~50nm.  ZnO was grown as in Scheme 1.  0.1M zinc nitrate and HMT were 
mixed at a 1:1 ratio and samples were submerged in the vial for 24hrs at RT and 65oC for 
four hours.  Growth was present in the embedded layers although less dense than those 
formed on a surface (Figure 32).  In addition, the surrounding silk layers physically 



















An embedded peptide layer was also placed between two drop cast silk films that 
were each dried in ambient air.  Each silk layer was ZnO was grown under the same 
conditions as above and resulted in nanorods seen in Figure 33.  The embedded nanorods 
are restricted to primarily horizontal directional growth.  In addition, the edges do not 
appear to be the clean facets typical of surface grown nanorods.  The diameters were 
widely varied, typically 200-400 nm. 
 
 
Figure 33.  Embedded ZnO grown at a peptide layer between two drop cast silk layers 
 
 
AFM imaging in Figure 34 shows embedded ZnO grown in a film of 
silk+ZnO1+silk.  The height image (left) shows the ZnO emerging from the surface.  
However the phase image (right) does not show a significant difference in surface 
properties of the flat silk surface compared to the rods, indication that a uniform silk layer 
is covering the zinc oxide.  After doing cross sectional analysis, a typical rod had a 
vertical height of 300-450 nm and a width of 700-920 nm.  This is substantially larger 
than the width that ranged from 100-350 nm seen in SEM.  This is due to the layer of silk 
surrounding each nanorod that increases the rod dimensions in surface morphology 
 62
analysis but is generally transparent when analyzed with SEM.  Further investigation 
with XPS was not available for this document but if done in the future, could confirm the 
surface composition. 
The ability to grow embedded zinc oxide here demonstrates that in addition to 
ZnO1 dictating the placement of growth on a surface, it can also dictate the placement of 
growth within films.  Embedding between thin films with thickness ~50 nm in Figure 32 




Figure 34.  AFM height (left, scale 800nm) and phase (right) images of ZnO grown in a 




Vertical Zinc Oxide Rod Arrays on Polystyrene 
So far, we have demonstrated that the selectively binding peptide ZnO1 has the 
potential for facilitating the growth of zinc oxide nanorods on silk and polymer surfaces, 
as well as embedded between silk films.  Randomly arranged nanorods however are not 
useful for most applications.  Vertical arrays can be applicable.  Currently, severe 
substrate limitations exist because of processing conditions required to achieve vertical 
nanorod arrays.  Vertical nanorods have yet to be grown on completely organic 
templates.  Here we investigate the next step in achieving this goal with a selectively 
binding peptide:  to grow vertical nanorods on organic templates.  Control of surface 
density, size, and other parameters will be discussed. 
Polystyrene and Peptide Surface  
As silk is difficult to process and is stable in water for only a few days, 
polystyrene was used as a surface for the deposition of ZnO1 peptide and subsequent 
growth of vertical ZnO rods.   
Initial experiments discussed previously used a film spin cast from a solution of 
silk or polystyrene upon which peptide was drop cast and dried.  Silk is very rough as 
seen in Figure 35.  The drop casting method however results in an extremely rough 
peptide surface and no vertical alignment was ever observed.  A smooth template is 
necessary for vertical nanorod growth dictated by peptide.     
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Figure 35.  AFM height image of silk film with a roughness of 4.8nm 
 
In an attempt to lower the Roughness Mean Squared (RMS) of the surface, 
polystyrene was used as an underlying layer and spin casting was employed to deposit 
peptide.  As the quantity of ZnO1 was severely limited and spin casting requires a lot of 
material, much smaller silicon wafers were used (2.5mm x 2.5mm) such that 5μl of ZnO1 
would be sufficient to make a uniform spin cast layer of peptide on each sample. 
Figure 36 shows the surface morphology of a PS film spin cast onto a silicon 
wafer from a 0.2wt % solution.  The left is the height image and right is phase.  The 
polystyrene surface RMS was measured to be 0.21 nm.  All roughness values were taken 
over a 1μm x 1μm area.  The PS film thickness was measured 6.3 nm with ellipsometry.  





Figure 36.  AFM image of polystyrene surface spin cast from 0.2wt% solution (1x1μm scan, z-scale 
5nm) 
 
The first attempt to achieve a layer suitable for vertical rod growth, spin casting 
was used instead of drop casting.  The peptide was dropped onto the silicon wafer, left to 
adsorb to the polymer layer for 15mins, spun dry at 6000rpm, and then rinsed with water.  
The sample was placed in a small vial of Zn(NO3)2 and HMT, both at 0.1M 
concentrations at a 1:1 ratio.  The sample was held at room temperature for 24 hours and 
then the vial was put into an oven at 65oC for 24hrs.  The newly formed zinc oxide 
nanorods were gently rinsed with water and dried under flowing nitrogen air.  Using this 
method, no vertical alignment was observed. 
In a second attempt, the peptide was spin cast onto the polystyrene layer but not 
rinsed.  After spinning, the thickness of the peptide layer was measured with ellipsometry 
to be 3.5 nm, a thick layer for a peptide considering the mass of 1616 Da.  Contact angle 
of the film was reduced to 62o.  The resulting surface was smooth with an RMS of 0.26 
nm.  Figure 37 shows the surface morphology of 20 x 20, 5 x 5, and 1 x 1μm AFM scans.  
Z scale is 8nm.  Interestingly, a circular pattern is formed by the peptide, probably a 
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result of drying effects.  The circular shapes in any case were small in height and were 








The sample was put in the vial to grow zinc oxide similarly to the previous 
attempt but without rinsing the peptide surface before growing zinc oxide.  Optical 
microscopy showed uniform growth across the entire sample surface.  Figure 38 SEM 
images show uniform spatial distribution of vertical ZnO rods with hexagonal cross 
sections.   
 
 
Figure 38.  Vertical ZnO rods on PS and an unrinsed peptide layer.  Grown in 0.1M zinc nitrate and 
HMT at RT 24hrs and then 65oC for 24hrs. 
 
In this sample, hexagonal vertical rods were successfully grown at a low 
temperature of 65˚C with relativel y high density.  However, large aggregates fell out of 




Figure 39.  Vertical rods of Figure 38 but showing a different area of large precipitated aggregates 
which were common on the surface 
 
Controlling Size and Density of Vertical Rods 
In previous experiments with ZnO1 on silk, the concentration of zinc nitrate and 
HMT was decreased and significantly reduced the number of nanorods formed on the 
surface during a given time.  Here, we use growth conditions which hold the time and 
temperature constant at RT 24hrs, 65oC 24hrs and changed the relative concentrations of 
zinc nitrate and HMT.  Changes to molar concentrations in each trial were done to either 
zinc nitrate or HMT by using some multiplier on 0.1M while the other component in that 
trial was held at 0.1M.  For these experiments, a small 2.5x2.5mm silicon wafer was 
used.   
Under the selected growth conditions, ZnO precipitates in solution as well as 
grows from the surface.  When the sample is placed at the bottom of a vial, these solution 
precipitates can settle or adsorb onto the sample.  To prevent this, the silicon wafers were 
placed upside down gently in the zinc nitrate/HMT solution at the air-liquid interface for 
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all further investigation as illustrated in Scheme 5.  In general, results show a decrease in 
large aggregates as predicted and an increase in monodispersity using this method.  Select 




Scheme 5.  Setup change in which a larger volume of precursors was used and the placement of the 




Table 6.  Matrix to control density of vertical nanorods by changing solution component 
concentrations 
 
Sample 0.1M Zn(NO3)2 0.1M HMT % Surface Area 
Covered 
Aspect Ratio
1 x1 x1 29.9 3.25 
2 x1 x4 12.6 - 
3 x1.25 x1 51.9 2.65 
4 x1.5 x1 73.9 2.35 
5 x2 x1 77.9 1.6 
 
Small volume  
1.5ml 
Bottom of vial 





As zinc nitrate was held at 0.1M and HMT concentration was increased, the rod 
covered area of the surface decreased.  By comparing surfaces using HMT at 0.1M and 
HMT at 0.4M as in Figure 40, rod size is significantly smaller when using a high HMT 
concentration.  Using images with similar magnifications, surface area covered was 
calculated and compared to the number of rods on each image to get an average rod size 
for each sample.  The diameter of rod when using 0.4M HMT was on average 4.88x 
smaller than when using 0.1M HMT.   
Increasing the concentration of zinc nitrate in Figure 41 increased the surface area 
covered by rods.  Above 0.15M zinc nitrate concentration, the difference in coverage was 
not significantly increased.  At concentrations of 0.1M, 0.125M, and 0.15M however, 
linear increase in surface density was observed without a change in rod size as illustrated 
in Figure 42.  Interestingly, a linear trend was observed as concentration increased from 
1M to 1.5M.  In addition, aspect ratios were calculated for each sample.  They are 
summarized in Figure 43.  Interestingly, the aspect ratios also saw a generally linear 
relationship with concentration from 1M to 2M.  As concentration increased, the aspect 









Figure 40.  ZnO grown on PS+ZnO1 in (left) 0.1M HMT and (right) 0.4M HMT, combined 1:1 with 





Figure 41.  ZnO grown on PS+ZnO1 in 0.1M HMT plus zinc nitrate A) 0.1M  B) 0.125M and C) 
0.15M 
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Figure 42.  Graph comparing zinc nitrate concentration to percent surface covered by ZnO  
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In this work, we achieved the following: 
 Reduction of gold nanoparticles using surface or embedded silk films 
 Synthesis of vertical zinc oxide nanorods using polystyrene topped with an 
organic template of ZnO1 peptide, a zinc oxide selectively binding peptide 
Gold nanoparticles were successfully formed from a thin film of silk.  More 
nanoparticles were reduced on a freestanding film than on a substrate-supported film.  
The two different concentrations and exposure times produced very different reduction 
effects; a higher concentration and lower time formed uniform 5-10nm spherical particles 
and the lower concentration with a higher time formed mostly large particles of various 
shapes.  More studies are needed to determine the effect of silk crystallinity, silk film 
thickness, gold chloride concentration, and exposure time on the size, shape, and density 
of these nanoparticles.  Further investigation would vary the concentration at a specific 
time or vary the time at a specific concentration to control the density or shape of 
nanoparticles because prospective applications generally rely on monodisperse, specific 
shape and size nanoparticles. 
A thin film of ZnO1 was successfully created on top of two films, silk and 
polystyrene.  Many parameters were changed to determine the effect on biomineralization 
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of zinc oxide.  These conditions included the deposition method of the peptide film, 
concentration of both zinc nitrate and HMT in solution, time in solution, temperature of 
oven, concentration of HMT, concentration of zinc nitrate.  Table 7 contains a summary 
of these results and comparison to literature results of ZnO grown with wet chemical 
deposition.  Note that many of these parameters were not independent, such as 
temperature/time and size/density.   
This system could possibly control achieve vertical nanorods with small widths 
and high aspect ratios of rods by further tailoring the wet chemical deposition parameters.  
This would be significant as the density can already be tailored.  Interestingly, vertical 
rods are achieved regardless of the density which contrasts sharply with current methods 
that require a dense forest of rods to achieve rods where the majority are vertical.   
Randomly aligned, primarily horizontal, and primarily vertical ZnO rods were 
synthesized in this study.  To achieve horizontal rods, a film of silk + peptide + silk was 
used with each film being drop cast.  ZnO successfully grew at the location of the peptide 
film.  Due to the physical hindrance from the silk layers, rods were primarily horizontal.  
Crystal orientation was not determined however and, along with XRD, could give more 
information about the system with horizontal embedded rods.  To achieve vertical rods, a 
film of polystyrene + peptide was used with each film being spun cast and without 
rinsing.  The smoothness of each later (RMS<1nm) proved extremely important to 
achieving vertical rods. 
Silk and ZnO1 films were shown here to form gold nanoparticles and zinc oxide 
nanorods at near ambient conditions.  The growth of vertical ZnO nanorods on an entirely 
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organic surface was shown here for the first time.  These two successful attempts at 
biomineralization are encouraging; potential synthesis of other inorganics using protein 
or designer peptide films could be possible.  Peptides and hybrid peptides can be 
designed for a limitless number of inorganics.  We suggest that near ambient condition 
synthesis of numerous inorganic materials, using peptide templates could be achieved in 
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